The kinesin KIF17 localizes at microtubule plus-ends where it contributes to regulation of microtubule stabilization and epithelial polarization. We now show that KIF17 localizes at cell-cell adhesions and that KIF17 depletion inhibits accumulation of actin at the apical pole of cells grown in 3D organotypic cultures and alters the distribution of actin and E-cadherin in cells cultured in 2D on solid supports. Overexpression of full-length KIF17 constructs or truncation mutants containing the N-terminal motor domain resulted in accumulation of newly incorporated GFP-actin into junctional actin foci, cleared E-cadherin from cytoplasmic vesicles and stabilized cell-cell adhesions to challenge with calcium depletion. Expression of these KIF17 constructs also increased cellular levels of active RhoA, whereas active RhoA was diminished in KIF17-depleted cells. Inhibition of RhoA or its effector ROCK, or expression of LIMK1 kinase-dead or activated cofilin S3A inhibited KIF17-induced junctional actin accumulation. Interestingly, KIF17 activity toward actin depends on the motor domain but is independent of microtubule binding. Together, these data show that KIF17 can modify RhoA-GTPase signaling to influence junctional actin and the stability of the apical junctional complex of epithelial cells.
INTRODUCTION
Epithelia play key roles in tissue homeostasis by establishing transport systems for vectorial secretion and absorption and by forming a physical barrier between the internal milieu and the outside environment. Adherens junctions and tight junctions, formed by trans-cellular interactions of transmembrane adhesion proteins linked to the cytoskeleton, are essential for epithelial morphogenesis and function. Known collectively as the apical junctional complex (AJC), adherens junctions couple adjacent cells physically whereas tight junctions set boundaries between apical and basolateral membranes and control paracellular permeability (Guillot and Lecuit, 2013) . Components of the AJC are delivered to the membrane by transport along microtubules (Chen et al., 2003; Ivanov et al., 2006; Mary et al., 2002; Nekrasova et al., 2011; Portereiko et al., 2004; Yanagisawa et al., 2004) and are anchored at adhesive sites by their association with actin and microtubule adaptors. As cell-cell adhesions mature, signaling molecules that also associate with the AJC induce changes in actin and microtubule arrays by modifying polymer dynamics and stability (Brieher and Yap, 2013; Chausovsky et al., 2000; Mege et al., 2006; Ratheesh et al., 2012) . Thus, the cytoskeleton affects AJC formation and maturation, and signaling at the AJC reciprocally affects actin and microtubules; together, these processes direct morphogenetic responses to numerous cues (Brieher and Yap, 2013; Mack and Georgiou, 2014) . Although many of the components involved in remodeling of AJCs and the cytoskeleton are known, the mechanisms employed to coordinate these events are still incompletely defined.
Rho family GTPases and their effectors comprise a major class of signaling molecules at the AJC (Citi et al., 2014; Fukata and Kaibuchi, 2001 ) and many are regulated by cell-cell adhesion. Signaling by Cdc42, Rac1 and RhoA regulates AJC formation, maturation and remodeling. They also regulate actin and microtubule arrays (Samarin and Nusrat, 2009; Wojnacki et al., 2014) . Rac1 and Cdc42 regulate Arp2/3 (also known as Actr2/3) to affect branched actin filament formation (Kraemer et al., 2007; Otani et al., 2006) and RhoA regulates formins in the generation of actin cables (Carramusa et al., 2007; Kher et al., 2014; Kobielak et al., 2004) . RhoA signaling, through its effector Rho-associated protein kinase (ROCK, of which there are two isoforms ROCK1 and ROCK2), also exerts indirect effects on branched actin formation by inactivating the actin-severing protein cofilin. In addition, RhoA activation of formin leads to microtubule capture and stabilization in migrating fibroblasts (Bartolini et al., 2008; Cook et al., 1998; Palazzo et al., 2001 ) and plays a role in regulating microtubule stability in epithelial cells (Nakaya et al., 2008) . Combined, these functions allow Rho-GTPases to orchestrate the remodeling of cytoskeletal arrays and cell-cell junctions that accompanies epithelial polarization.
Rho-GTPases are regulated upstream and downstream of the AJC by guanine-nucleotide exchange factors (GEFs) and GTPaseactivating proteins (GAPs) that control spatiotemporal activation of Rho effectors (Quiros and Nusrat, 2014) . How Rho-GTPase effectors and regulators are targeted to discrete sites for selective activation is still a topic of intense study. Dynamic microtubule plus-ends can interact with proteins at the cortex and can deliver proteins associated with the microtubule plus-end that regulate cytoskeletal and junctional organization, leading to the concentration of E-cadherin at cell-cell contacts (Ligon and Holzbaur, 2007; Ligon et al., 2001; Stehbens et al., 2006) . Microtubule capture and stabilization at the cortex may also provide specialized tracks for targeted delivery of cytoplasmic and membrane proteins important for junction maturation and remodeling (Waterman-Storer et al., 2000) . As such, delivery of Rho-GTPase effectors and regulators by microtubule motors can be envisioned as playing a role in regulation of localized signaling cascades at the AJC.
KIF17 is a multifunctional, homodimeric microtubule motor with roles in vesicular transport (Chu et al., 2006; Jenkins et al., 2006; Setou et al., 2000) , transport of RNA granules (Chennathukuzhi et al., 2003; Kotaja et al., 2006; Saade et al., 2007; Takano et al., 2007) , regulation of transcriptional activators (Kotaja et al., 2005; Macho et al., 2002) , and in building sensory cilia (Dishinger et al., 2010; Fan et al., 2011; Insinna et al., 2008; Jenkins et al., 2006; Ou et al., 2005; Pan et al., 2006; Snow et al., 2004) . In epithelial cells, KIF17 colocalizes and interacts with components of the microtubule plus-end cortical capture machinery, promoting microtubule stabilization and cell polarization Espenel et al., 2013; Jaulin and Kreitzer, 2010) . This can influence cell architecture, but it is not yet known if microtubule modification is the only means by which KIF17 contributes to epithelial polarization. In this study, we provide evidence that KIF17 activates a RhoA signaling pathway at cell-cell contacts that influences both cortical actin and cell-cell junctions. This, in concert with its effects on microtubule stabilization, may serve to integrate cytoskeletal remodeling with maturation and stabilization of the AJC. A role for KIF17 in local RhoA activation also provides an additional potential mechanism by which this kinesin-2 motor exerts effects on epithelial polarization.
RESULTS

KIF17 contributes to actin organization in epithelial cells
We showed previously that KIF17 localizes to microtubule plusends with EB1 (also known as MAPRE1) and contributes to microtubule stabilization and polarization of epithelial cells (Jaulin and Kreitzer, 2010) . In our analysis of KIF17 distribution in MDCK and Caco-2 epithelial cells, we also identified a pool of KIF17 localized at sites of cell-cell contact that is lost after KIF17 depletion by shRNA ( Fig. 1A; Fig. S1A ) (Jaulin and Kreitzer, 2010) . KIF17 colocalized with E-cadherin and actin at these cellcell junctions (Fig. 1A) , and with α-actinin, a junctional actinbinding protein (Fig. 1B) .
In 3D organotypic MDCK cultures, 85±2.6% (mean±s.e.m.; n=322) of cysts that form have a single layer of cells surrounding a Fig. 1 . KIF17 localizes at cell-cell junctions and contributes to actin remodeling during epithelial morphogenesis. (A) Colocalization of KIF17 with actin and E-cadherin at cell-cell contacts in MDCK cells. Color overlay shows an enlarged view of the boxed region of KIF17 and E-cadherin or β-actin images; the KIF17 image was shifted by five pixels to highlight corresponding staining patterns. (B) Colocalization of KIF17 and α-actinin at cell-cell junctions. Color overlay shows an enlarged view of the boxed region; the KIF17 image was shifted by five pixels. (C) Immunoblot showing KIF17 in MDCK cells transduced with control (shNC) or KIF17-targeting (shKIF17) shRNAs. Hsp90 was used as a loading control. (D) Localization of actin ( phalloidin), ZO-1 and nuclei (DAPI) in shNC and shKIF17 MDCK cysts grown in Matrigel for seven days. Dotted and dashed lines highlight apical and basal membranes, respectively. Graph shows the ratio of apical to basal actin fluorescence intensity determined by line-scan analysis. n=38 and 48 cells for shNC and shKIF17, respectively. Error bars are s.e.m., significance was determined with a two-tailed, unpaired student's t-test, ****P<0.0001.
central lumen, and actin is enriched at the apical pole of individual cells ( Fig. 1C,D; shNC, short hairpin negative control). KIF17 depletion increased the percentage of cysts with either no lumens or multiple lumens as described previously (Jaulin and Kreitzer, 2010) , and reduced the percentage of cysts with one lumen to 38±5.4% (n=332). We used line-scan analysis of individual cells in cysts with a single lumen to measure enrichment of actin at the apical pole (dotted line) relative to the basal pole (dashed line) in control (shNC) and KIF17-depleted cells (shKIF17, Fig. 1D ). In shNC, the apical/ basal actin ratio is 6.74, but only 1.93 in shKIF17, demonstrating that apical actin enrichment is compromised by KIF17 depletion. Thus, KIF17 colocalizes with and contributes to organizing the distribution of actin in epithelial cells.
KIF17 localization at cell-cell contacts is mediated by its N-terminal motor domain
To examine how KIF17 could affect actin organization, we prepared and analyzed the localization of GFP-tagged KIF17 full-length and C-terminal truncation mutants in MDCK cells ( Fig. 2A ). Proteins were expressed acutely by intranuclear cDNA injection and their localization was analyzed 3 h after injection. Full-length KIF17 appeared primarily as diffuse cytoplasmic fluorescence but a population of the protein localized as discrete puncta, a large proportion of which accumulated at microtubule plus-ends in protruding regions of the cells ( Fig. 2A , GFP-KIF17-FL) and as described previously (Jaulin and Kreitzer, 2010) . The soluble pool of KIF17-FL represents kinesin in a compact, auto-inhibited conformation Hammond et al., 2010) ; this auto-inhibited conformation is disrupted by a single point mutation in the hinge region between KIF17 coiled-coil domains (G754E), and when expressed in epithelial cells GFP-KIF17-FL G754E localizes robustly at microtubule plus-ends and in cell protrusions Jaulin and Kreitzer, 2010) . Protein expressed from a construct in which the tail and last coiled-coil are deleted, GFP-K490, localized at microtubule plus-ends in cell protrusions ( Fig. 2A; Fig. S1B ), but was also detected at cell-cell contacts in 24.3% of expressing cells ( Fig. 2A,C) . Proteins synthesized from two shorter constructs, GFP-K370 (encoding motor and neck) and Color overlays show an enlargement of GFP-K370 and β-actin in the boxed region. In the lower overlay, the image of K370 was shifted by seven pixels. (C) Quantification of the junctional localization of endogenous KIF17 and expressed KIF17 constructs 3 h after cDNA injection. Values were calculated as percentage of total cells expressing each construct. Results are from 3-6 independent experiments (endogenous KIF17, n=90 cells; GFP-KIF17-FL, n=60; GFP-K490, n=295; GFP-K370, n=664; GFP-K339, n=794). (D) Quantification of the percentage cells with junctional GFP-K370 or GFP-K339 in the absence and presence of co-expressed mCh-KIF17-Tail. Data are normalized to 100% in control conditions (K370, n=162; K370+ KIF17-Tail, n=121; K339, n=230; K339+ KIF17-Tail, n=324 cells). Results are from ≥2 independent experiments. Error bars are error margins with 95% confidence interval. Significance was determined using a two-tailed unpaired student's t-test, **P<0.01; ***P<0.001.
GFP-K339 (encoding motor alone) can be detected along microtubules when cells are permeabilized briefly before fixation to release soluble protein (not shown) (Jaulin and Kreitzer, 2010) and when expressed at low levels (Fig. S1C) . They also localize at the centrosome with γ-tubulin (Fig. S1D) . Moreover, K370 and K339 localized prominently at cell-cell contacts in 59.7% and 54.7%, respectively, of the injected cells ( Fig. 2A-C) . The junctional localization of K339 and K370 is also observed in other epithelial cell types such as MCF10A and Caco-2, is independent of the tag identity (GFP, mCherry, myc, HA), and is seen with both N-and C-terminal fusion constructs ( Fig. S1E and not shown) (Jaulin and Kreitzer, 2010) . Together, this analysis reveals that the motor domain is sufficient to target KIF17 to cellcell contacts and that deletion of the C-terminus favors this subcellular localization. Like endogenous KIF17, K370 and K339 colocalized with actin, E-cadherin and α-actinin at cell-cell contacts ( Fig. 2B and not shown) . We preferentially use K370 going forward since it behaves as a dimer in vitro. K339 behaves as a monomer in vitro , but had nearly identical impact in all experiments where it was tested relative to K370.
Auto-inhibitory interactions of the KIF17 N-terminal motor and C-terminal tail domains regulate KIF17 activity Hammond et al., 2010; Jaulin and Kreitzer, 2010) . In vitro, the KIF17 tail can bind directly to the KIF17 motor and reduces its microtubule-stimulated ATPase activity ; as such, it may influence K370 and K339 localization at the cortex. To test this directly, we co-expressed GFP-K339 or GFP-K370 with mCh-KIF17-Tail ( Fig. 2A) and analyzed their localizations 3 h after cDNA injection. Co-expression of KIF17-Tail reduced the number of cells with junctional K339 and K370 to 45% and 33%, respectively, of cells expressing these motor domains alone (Fig. 2D ). This effect of KIF17-Tail on localization of K339 and K370 could result from either competition with proteins that anchor KIF17 at cell-cell contacts, or by inhibition of the motor domain ATPase activity, which would prevent movement along microtubules .
KIF17 motor domain enhances incorporation of actin at cellcell contacts independently of microtubule binding
The colocalization of KIF17 motor domains with junctional actin, and the effects of KIF17 depletion on actin distribution in cells cultured in 3D prompted us to examine if expression of K370 affects actin organization. We expressed mCh-K370 or mChempty vector control (mCh-EV) for 4 h after cDNA injection and analyzed the distribution of actin by immunofluorescence microscopy. In K370-expressing cells, we observed a subtle but consistent enrichment of actin in discrete foci at cell-cell contacts. This enrichment was best detected by applying a Sobel edge detection filter to images (Fig. S2A ). These actin foci were not detected by phalloidin labeling, probably because phalloidin strongly labels stress fibers and bundled actin. This can mask signal from non-bundled and branched filaments, which are detected very well with actin antibodies (Lessard, 1988; Nagasaki et al., 1994) .
To further examine the change in junctional actin induced by K370, we monitored incorporation of newly synthesized, fluorescently-tagged actin probes (GFP-actin or mCh-LifeAct) into actin filaments by time-lapse fluorescence microscopy. We coinjected cells with GFP-actin and mCh-K370 or mCh-EV cDNAs. One hour after injection, cells were transferred to the microscope and images of GFP-actin were acquired at 10-min intervals for 4 h at 37°C. Newly synthesized GFP-actin (Fig. 3A) and mCh-LifeAct (Fig. S2B ) accumulated in discrete foci along cell-cell contacts in control and K370-expressing cells. However, co-expression of K370 accelerated the rate at which these new filaments became apparent (Movie 1, Fig. S3 ) and increased the number of cells displaying these junctional actin filaments. Furthermore, K370 colocalized with GFP-actin or mCh-LifeAct in these junctional foci ( Fig. 3A; Fig. S2B ). In the time course of these experiments, fluorescently tagged actin incorporated into more resolvable foci at cell-cell contacts than mCh-LifeAct. For this reason, we used GFPactin or mCh-actin in experiments going forward to determine how KIF17 can impact junctional actin organization.
We quantified junctional accumulation of GFP-actin from images of cells by drawing polylines along cell-cell contacts of microinjected cells. These regions of interest (ROIs) were further processed and segmented to identify actin foci within these ROIs (Fig. 3C ). We then measured the percentage of each ROI that was segmented as a readout of the junctional region covered by GFPactin foci (% segmented area/total area measured, Fig. 3D ) for control and experimental data. This analysis revealed a 4.9-and 5.5-fold increase in junctional GFP-actin foci in cells expressing mCh-K339 or mCh-K370, respectively, as compared with controls expressing mCh-EV. By contrast, junctional GFP-actin foci were not increased in cells expressing the heterodimeric kinesin-2 motor KIF3A (mCh-KIF3A-M, Fig. 3B ,D) as compared with controls, demonstrating a selective effect of K370 or K339 on junctional actin accumulation in MDCK cells. The effects of expressing KIF17 constructs on actin in 3D cultured cells could not be determined as they induced substantial changes in cell shape over extended times needed for cysts to develop.
We next tested if the effects of KIF17 on cortical actin accumulation are microtubule dependent. We pre-incubated cells with 33 µM nocodazole to break down microtubules prior to injecting GFP-actin and K370 cDNAs. After an additional 4 h with continuous nocodazole exposure, cells were fixed and analyzed for accumulated GFP-actin at the cell periphery. In the absence of microtubules, K370 localized at cell-cell contacts and the accumulation of junctional GFP-actin was not significantly changed by comparison with untreated controls (Fig. 4A,C) . Despite not reaching statistical significance, there was a trend toward increased junctional actin foci in nocodazole-treated cells. This could reflect release of RhoGEF family protein GEF-H1 (also known as ARHGEF2) from microtubules and activation of RhoA, which affects actin organization in many cell types (Krendel et al., 2002; Ren et al., 1998) . Microtubule stabilization with 10 μM Taxol also had no significant effect on junctional actin accumulation induced by K370 expression (not shown). Junctional GFP-actin foci also increased 4.8-fold in cells expressing a K370 mutant defective in microtubule binding (Fig. 4B, K370 R288/294A ) , as compared with empty vector control. Thus, the effects of K370 on cortical actin accumulation are independent of microtubules and microtubule binding.
Effects of KIF17 on junctional actin are mediated by activation of Rho signaling to ROCK and its downstream effectors LIMK1 and cofilin Purified K370 and K339 did not interact directly with actin in vitro (not shown), suggesting KIF17 exerts its effects on junctional actin by modifying the localization or activity of actin regulatory factors. RhoA is involved in regulating both cortical actin dynamics and cortical microtubule capture and stabilization. To determine if RhoA signaling contributes to the effects of KIF17 on junctional actin, we co-injected MDCK cells with mCh-actin, GFP-K370 and either the Rho inhibitor Clostridium botulinum toxin C3 (myc-C3), the GDP-bound, inactive mutant RhoA N19 (myc-RhoA N19 ), or a control myc-empty vector (myc-EV). Rho inhibition by expression of myc-C3 or myc-RhoA N19 reduced the abundance of junctional GFP-actin foci 58.8-fold and 6.2-fold, respectively, relative to controls expressing K370, and was also reduced relative to controls expressing myc-EV, by 4 h after cDNA injection (Fig. 5A ,C). We could not determine if constitutively activated RhoA (RhoA V14 ) increased accumulation of junctional GFP-actin foci because expression of this construct led to rapid disruption of cell-cell junctions (not shown).
These data suggest KIF17 modifies junctional actin through RhoA signaling. To test if KIF17 activates RhoA, we determined the levels of active GTP-RhoA in cells expressing the different KIF17 constructs. We transfected MDCK cells with myc-EV, myc-K370, myc-KIF17-FL or the conformationally extended, constitutively active mutant myc-KIF17 G754E Jaulin and Kreitzer, 2010) . Cell lysates were prepared 24 h after transfection and levels of active and total RhoA were determined by pull-down with the Rho-binding domain of Rhotekin fused to 6xHis (His-RBD). Expression of all KIF17 constructs resulted in an increase in Rho activity, with a significant response in cells expressing K370 (Fig. 5D) ; thus the KIF17 motor domain is sufficient to activate RhoA in epithelial cells. Conversely, active RhoA was reduced to 53% and 24% of control levels in MDCK cells depleted of KIF17 using two independent shRNAs targeting KIF17 (Fig. 5E ).
RhoA interacts with its effectors ROCK and diaphanous-related formins to regulate actin dynamics and distribution. As such, we tested if Rho signaling to ROCK or formin contributes to the effects of KIF17 on junctional actin. First, we treated cells with the ROCK inhibitor, Y27632 (10 μM) for 4 h immediately following injection of GFP-actin and mCh-K370 cDNAs. Similar to effects of expressing C3 or dominant-negative RhoA N19 , accumulation of junctional actin foci induced by GFP-K370 expression was reduced 5.9-fold in cells treated with Y27632 (Fig. 5B,C) . By contrast, abundance of junctional actin foci was not affected in cells treated with the formin inhibitor SMIFH2 (50 µM; Fig. 5B,C) . Thus, K370 expression affects junctional actin accumulation through Rho signaling to ROCK.
ROCK activates LIMK1/2 and inhibits myosin light chain phosphatase, which modulate actin organization by phosphorylating cofilin and inhibiting dephosphorylation of myosin light chain, respectively. This results in inactivation of cofilin-mediated actin severing and activation of myosin-IImediated actin contraction (Riento and Ridley, 2003) . We tested the effects of activating cofilin or inhibiting myosin-II on KIF17-mediated accumulation of junctional actin. Co-expression of GFP-K370 and mCh-actin with either a kinase-dead LIMK1 construct (HA-LIMK1 KD ) that cannot phosphorylate and inactivate cofilin (Arber et al., 1998; Yang et al., 1998) , or a constitutively active cofilin mutant (FLAG-cofilin S3A ; Moriyama et al., 1996) reduced the median segmented membrane area covered by actin foci to 0.85% (8.3-fold decrease) and 1.66% (4.2-fold decrease), respectively, relative to 6.84% in controls expressing only K370. In these experiments however, we noted significant heterogeneity in the intensity and density of junctional actin foci across individual cells. This reflected a high variability in the expression levels of LIMK1 KD or cofilin S3A in cells triply injected with K370 and mChactin cDNAs. As such, we also performed a binary phenotype analysis with these samples to determine the percentage of K370-expressing cells with resolvable mCh-actin foci at cell-cell contacts, regardless of fluorescence intensity or density of foci. In this binary analysis, the number of LIMK1 KD -or cofilin S3A -expressing cells with resolvable junctional actin foci was reduced to 50.3% and 60.1% of controls expressing only K370 (Fig. 6A,C) . By contrast, we measured no significant effect on either the percent membrane area covered by mCh-actin foci or the fraction of cells with resolvable junctional actin foci in K370-expressing cells treated with the myosin light chain kinase inhibitor ML-7 as compared with untreated controls (Fig. 6C) .
We reasoned that if KIF17 inhibits actin severing by cofilin, then inhibiting branched actin polymerization mediated by Arp2/3, the major actin-nucleator at cell-cell junctions , should reduce K370-mediated accumulation of junctional GFPactin foci. We incubated cells co-injected with GFP-actin and mCh-K370 cDNAs with 100 µM CK666, a selective Arp2/3 inhibitor (Nolen et al., 2009 ) for 4 h prior to fixation, and analyzed junctional GFP-actin foci. CK666 treatment reduced the median membrane area covered by GFP-actin foci 17-fold to 0.40% and the percentage of cells with junctional actin foci to 47% of untreated controls (Fig. 6A,C) . CK666 similarly reduced K370 localized at cell-cell contacts (Fig. 6A) , suggesting there is positive feedback between KIF17 junctional localization and enhanced accumulation of junctional actin foci. Inhibition of K370-induced accumulation of junctional GFP-actin foci by CK666 is consistent with studies showing that GFP-actin is incorporated preferentially into branched actin filaments by Arp2/3 (Chen et al., 2012) . From these experiments, we conclude that K370 induces accumulation of junctional actin by activating RhoA signaling, leading to inhibition of cofilin-severing activity toward branched actin at cell-cell junctions.
KIF17 tail domain inhibits effects of K370 on cortical actin accumulation
The KIF17 C-terminal tail binds to the KIF17 motor domain directly and reduces the localization of K370 at cell-cell contacts (Fig. 2D) . As such, it may also influence the effect of K370 on Significance was determined using a two-tailed Mann-Whitney U test. ns, not significant.
accumulation of junctional actin. Indeed, co-expression of mCh-KIF17-Tail with myc-K370 and GFP-actin reduced the median segmented membrane area covered by actin foci 1.9-fold (to 2.61%) relative to controls expressing mCh-EV, K370 and actin (4.82%). Co-expression of KIF17-Tail also reduced the percentage of cells with resolvable junctional actin foci to 30% of controls (Fig. 6B,C) . This result suggests that KIF17-Tail inhibits the effects of K370 by preventing its junctional localization (Fig. 2D ), or possibly, by competing with another factor that could modify actin dynamics. These data are also consistent with the more robust effects of the tail-less K370 over KIF17-FL on RhoA activation (Fig. 5D ).
KIF17 is involved in regulating the distribution of E-cadherin and adhesion strength in response to calcium depletion
Actin associates with and anchors AJC components at the plasma membrane during formation, maturation and maintenance of cellcell adhesions. When adhesions are remodeled, due to either experimental manipulation or in response to physiological cues, transmembrane components of the AJC such as E-cadherin are endocytosed, loosening junctions. Since KIF17 colocalizes with both actin and E-cadherin (Fig. 1A) , we hypothesized that, by regulating junctional actin, KIF17 could affect AJC protein localization and junction stability or remodeling. To test this, we first expressed KIF17 constructs in MDCK cells and analyzed the distribution of E-cadherin by immunostaining cells fixed 4 h after cDNA microinjection. In uninjected cells, E-cadherin localized primarily at cell-cell contacts but was also seen in cytoplasmic vesicles. These vesicles likely represent a combination of Ecadherin transport intermediates in the biosynthetic, endocytic or recycling pathways. In cells expressing K370 or K339, we observed a reduction in the number of cytoplasmic vesicles containing Ecadherin ( Fig. 7A and not shown) . We quantified the number of cytoplasmic E-cadherin vesicles in individual cells and measured a 3.9-fold decrease in the median number of intracellular E-cadherin puncta in cells expressing KIF17 constructs as compared with uninjected controls (Fig. 7C) . By contrast, we measured a 2.53-fold increase in the median number of cytoplasmic E-cadherin puncta in KIF17-depleted cells (shKIF17) as compared with shNC controls (Fig. 7B,C) . We did not detect a difference in the levels of Ecadherin or actin by immunoblot in KIF17-depleted cells (Fig. 7D ) suggesting that KIF17 acts on E-cadherin by modifying its subcellular distribution. In a fluorescence pulse-chase assay to monitor biosynthetic trafficking of newly synthesized membrane proteins (Kreitzer et al., 2000) , we did not measure any change in the kinetics of GFP-Ecadherin export from the Golgi or its delivery to the plasma membrane when we co-expressed either K339 or KIF17-Tail as compared with cells expressing only GFP-E-cadherin (not shown) (Jaulin et al., 2007) . This suggests clearance of E-cadherin puncta in K370-expressing cells and increased abundance of E-cadherin puncta in KIF17-depleted cells result from changes in E-cadherin endocytosis or recycling. To determine if KIF17 affects E-cadherin distribution selectively, or if it also affects the internalization of membrane proteins not associated with the AJC, we loaded transferrin receptors (TfR) with Cy3-transferrin (Cy3-Tf; 25 µg/ml) and monitored TfR endocytosis. Cells were incubated with Cy3-Tf on ice for 60 min and then warmed to 37°C for 30 min and fixed for image acquisition. In these experiments, we detected no difference in TfR internalization in cells expressing GFP-K370 as compared with GFP-EV controls (Fig. S4A) , showing that KIF17 does not broadly inhibit endocytosis of plasma membrane proteins.
We next determined if the effects of KIF17 perturbation on E-cadherin distribution and accumulation of junctional actin foci induced by KIF17 perturbations reflect changes in cellular function by analyzing the strength of cell-cell adhesions when challenged by calcium depletion. We expressed K370 or the control KIF3A-M (Jaulin et al., 2007) and incubated cells in media containing 1.5 mM EDTA, beginning 4 h after cDNA injection. Cells were imaged by time-lapse microscopy for 90 min following addition of EDTA. By 60 min, most of the uninjected or KIF3A-M-expressing cells detached from neighbors and had rounded up from the coverslip. Conversely, the majority of cells expressing K370 or K339 remained adhered to each other and did not exhibit significant rounding ( Fig. 8A; Fig. S4B ). Furthermore, E-cadherin, as well as ZO-1 and γ-catenin, were retained at cell-cell contacts in K370-or K339-expressing cells treated with EDTA (Fig. S4C) . Thus, expression of K370 or K339 inhibits internalization of AJC components, attenuating cellular responses to triggers that reduce adhesiveness of cell-cell contacts. Considered together, these data support a model in which KIF17 contributes to regulation of cellcell junction remodeling by activating RhoA signaling to reduce cofilin-mediated severing of junctional actin (Fig. 8B) . We speculate that by shifting the balance between actin polymerization (n=160) or GFP-KIF17-Tail (n=60). CK666 (100 µM, n=92) and ML7 (10 µM, n=186) were added to cells immediately following cDNA injection until fixation 4 h later. Error bars are error margins with 95% confidence interval. Significance was determined using a two-tailed unpaired student's t-test. ns, not significant, *P<0.05; **P<0.01; ****P<0.0001.
and severing, KIF17 reduces the internalization of AJC proteins and thereby increases the strength of cell-cell adhesions.
DISCUSSION
The data presented here provide evidence that KIF17 contributes to regulation of branched actin stability at cell-cell contacts, stabilization of E-cadherin at the plasma membrane, and to intercellular adhesion strength. Remarkably, these functions are dependent on the kinesin motor domain but independent of microtubules. In concert with EB1 and APC, components of the microtubule plus-end capture machinery, KIF17 also promotes microtubule stabilization in epithelial cells and is sufficient to stabilize microtubules in vitro Espenel et al., 2013; Jaulin and Kreitzer, 2010) . Considering that KIF17 depletion also compromises apical actin recruitment and lumen formation in 3D culture (Fig. 1 ) (Jaulin and Kreitzer, 2010) , our findings suggest KIF17 plays a central role in coordinating actin and microtubule remodeling with formation and remodeling of cell-cell junctions to promote morphogenesis and epithelial polarization. During expansion of primordial cell-cell contacts, distinct arrays of branched and unbranched actin associate with E-cadherin as spot junctions are remodeled into mature, junctional complexes at the apicolateral membrane domain of polarized cells. Experiments monitoring actin incorporation by FRAP showed that 80-90% of filaments are very dynamic (Yamada et al., 2005; Kovacs et al., 2011) and are generated by Arp2/3-dependent branched actin nucleation (Kovacs et al., 2002; Otani et al., 2006; Tang and Brieher, 2012) . This is consistent with our data in MDCK cells showing that the accumulation of GFP-actin at cell-cell contacts is attenuated by inhibiting Arp2/3. Although circumferential, formindependent unbranched actin arrays contribute to maturation of adherens junctions, they do not appear to be regulated by KIF17, and are likely utilized downstream of the initial establishment of cell-cell junctions. Formation and organization of branched actin and actin cables are regulated by a combination of actin nucleation, elongation and severing activities coordinated by junctionassociated Rho-GTPases, their regulators and effectors; these concentrate E-cadherin at AJCs during polarization and modulate junction assembly and maintenance (Citi et al., 2014; Mack and Georgiou, 2014) . As such, the effects of KIF17 on cortical actin and intercellular junctions can be attributed, at least in part, to activation of RhoA signaling as levels of active RhoA are increased by expression of KIF17 constructs and reduced by KIF17 knockdown. Although Rho has no reported role in regulating nucleation of branched actin filaments, signaling to its effector ROCK activates LIMK1, which then phosphorylates and inhibits cofilin-mediated severing of branched actin. This would be expected to shift the balance between actin polymerization and depolymerization at cellcell contacts. In support of a role for KIF17 in this pathway, we found that pharmacological inhibitors of ROCK, or expression of either kinase-dead LIMK1 or a cofilin phospho-mimic, inhibited the effect of KIF17 expression on accumulation of junctional actin.
KIF17 may have additional functions in regulating establishment and remodeling of the AJC. Microtubule capture and cortical stabilization by KIF17 (Jaulin and Kreitzer, 2010) could generate specialized tracks comprising post-translationally modified, stable microtubules, for targeted delivery of cytoplasmic and membrane proteins important for junction formation and remodeling (Waterman-Storer et al., 2000) . However, neither microtubule depolymerization nor expression of a K370 mutant that cannot bind microtubules (K370 R288/294A ) impinges on the ability of K370 to induce accumulation of junctional actin foci. Based on this, we believe that the effects of KIF17 on junctional actin are independent of its effects on microtubules.
In contacting, but not yet polarized cells, microtubules are organized primarily in radial arrays emanating from the MTOC, with a subset of plus-ends localizing in close proximity to the developing AJC. Kinesin-mediated transport on microtubules is used to both deliver and retrieve cadherin and other adhesion components to and from the plasma membrane (Chen et al., 2003; Ivanov et al., 2006; Krylyshkina et al., 2002; Mary et al., 2002; Nekrasova et al., 2011; Portereiko et al., 2004; Yanagisawa et al., 2004) . Dynamic microtubule plus-ends, where KIF17 localizes with EB1 and APC (Jaulin and Kreitzer, 2010) , can interact with proteins at the cortex and deposit microtubule plus-end-associated proteins that regulate cytoskeletal and junctional organization, such as APC, leading to the concentration of E-cadherin at cell-cell contacts ( 2006). We show here that KIF17 overexpression clears E-cadherincontaining vesicles from the cytoplasm, and conversely, that KIF17 depletion results in an increase in cytoplasmic E-cadherin. As there is no evidence implicating KIF17 in biosynthetic trafficking of Ecadherin, we speculate that by modifying cortical actin through RhoA signaling, KIF17 stabilizes E-cadherin in the plasma membrane and affects junction stability by enhancing anchorage of AJC proteins to the underlying cortical cytoskeleton. This would be expected to attenuate endocytosis of E-cadherin and AJC components both at steady-state, and in response to signals that induce junction remodeling and is consistent with our data showing that internalization of E-cadherin induced by calcium depletion is blocked by expression of K370 and K339 motor domain constructs.
We do not yet fully understand how KIF17 and K370 activate RhoA signaling to promote junctional actin accumulation and stabilization of cell-cell adhesions. KIF17 may activate RhoGEFs, or inhibit RhoGAPs (also known as ARHGAPs), to maintain high levels of active RhoA, either on microtubule plus-ends or at the cortex when it contacts the plasma membrane. In one possible scenario, the KIF17 motor could interact with a RhoGEF and deliver it to the cortex, where it would be activated when off-loaded from microtubules (Enomoto, 1996) . Candidates for activating RhoA signaling for microtubule stabilization and/or remodeling of the AJC include GEF-H1, p115-RhoGEF and ECT2. The KIF17 motor domain does interact with several cytoplasmic proteins (our unpublished data and Jaulin and Kreitzer, 2010), thus, it is reasonable to suspect additional protein interactions could occur in this domain. Microtubule capture, stabilization, and the subsequent accumulation of post-translationally modified microtubules by KIF17 could also trigger a change in the captured microtubule that induces local GEF release from the lattice of that microtubule. Indeed, inactive GEF-H1 localizes preferentially on dynamic, unmodified microtubules and is not seen on stable, acetylated or detyrosinated microtubules (Nagae et al., 2013; Yoshimura and Miki, 2011) . Because KIF17 is activated by PKC , which contributes to RhoA-dependent microtubule stabilization in fibroblasts , we also envision a model wherein feedback signaling could amplify microtubule capture in response to initial Rho activation events at cell-cell contacts (Fig. 8B) .
The effects of full-length KIF17 on junctional actin and RhoA activation are less robust than that of the motor domain alone, suggesting the KIF17 tail domain is a negative regulator of these KIF17 activities. In support of this, we showed previously that KIF17 tail interacts directly with the motor domain, decreasing its ATPase activity Espenel et al., 2013) , and we show here that KIF17 tail expression abrogates accumulation of junctional actin induced by expression of K370. Our localization studies suggest that the KIF17 tail competes with a factor(s) that anchors KIF17 at cell-cell junctions, in line with our previous demonstration that the KIF17 tail domain competes with EB1 for binding to the KIF17 head . Alternatively, the KIF17 tail could interfere with the motor-dependent activation of RhoA signaling by carrying a cargo that acts as a negative regulator of RhoA. A precedent for regulation of a RhoGEF and a RhoGAP by a single kinesin has been reported, although the mechanism of action may differ somewhat from that of KIF17. MKLP1 (KIF23, kinesin-6 family), a component of the centralspindlin complex, affects microtubule and actin arrays, formation of adherens junctions, and polarization of foregut epithelia in Caenorhabditis elegans through an interaction with CYK4−RhoGAP (Portereiko et al., 2004) . CYK4 −RhoGAP induces a conformational change in MKLP1 leading to activation of RhoA (Saade et al., 2007; Yamamoto et al., 2006) . MKLP1, as part of the centralspindlin complex, also binds and recruits the RhoGEF ECT2 to cell-cell junctions, and inhibits junctional localization of p190 RhoGAP in MCF-7 cells, leading to activation of RhoA . These data support the idea that a kinesin can influence the activities of both RhoGEFs and RhoGAPs at cell-cell junctions, fine-tuning local RhoA signaling.
Mounting evidence shows an interdependence between signaling events at the cortex of mammalian cells with cytoskeletal dynamics and organization that lead to cell polarization (Gundersen, 2002a,b; Siegrist and Doe, 2007) . An emerging theme is that protein delivery to and retrieval from the cortex can influence cytoskeletal dynamics and organization. Remodeling of actin and microtubule arrays is mediated by an overlapping set of effectors that respond to cortical stimuli (Bartolini et al., 2008; Gundersen et al., 2004; Mikhailov and Gundersen, 1998; Tatebe et al., 2008; Watanabe et al., 2004) . Both focal adhesions and the AJC are sites of microtubule plus-ends targeting and where cytoskeletal dynamics may be regulated locally (Chausovsky et al., 2000; Efimov et al., 2008; Ezratty et al., 2005; Waterman-Storer et al., 2000) . These cortical adhesions are also sites of active membrane recycling and kinesin-dependent delivery and retrieval of transmembrane and membrane-cytoskeleton linkers (Chen et al., 2003; Ivanov et al., 2006; Krylyshkina et al., 2002) . The effects of KIF17 on RhoA activity, actin and microtubule arrays, and on stability of the AJC lend support to the idea that KIF17 plays an important role in coordinating formation of nascent cell-cell adhesions with remodeling of actin and microtubules to initiate morphological polarization of epithelial cells.
MATERIALS AND METHODS
Cell culture and treatments
Madin-Darby canine kidney (MDCK) cells were cultured in DMEM (4.5 g/l glucose) with 5% FBS, 20 mM HEPEs, pH 7.2, and were tested for mycoplasma contamination prior to initiating these studies. MCF10A cells were purchased from ATCC (CRL-10317). MDCK cells were seeded on sterilized coverslips and used at ∼80% confluence 2-3 days after plating. For 3D cultures, cells were infected with lentiviral shRNAs and allowed to grow for 2-4 days. Cells were then trypsinized and suspended in complete medium containing 2% Matrigel™ (BD Biosciences) and layered onto Matrigel at 10 4 cells/well in 8-well chamber slides (Lab-Tek) as described (O'Brien et al., 2006) . Cysts were fixed after 7 days in culture in 4% PFA for 30 min and permeabilized with 0.5% Triton X-100 for 15 min before immunostaining.
Microtubules were depolymerized completely by incubating cells on an ice-slurry in bicarbonate-free, complete media supplemented with 33 µM nocodazole (Sigma) for 30 min followed by incubation at 37°C for an additional 30 min prior to microinjection. Cells were maintained in 33 µM nocodazole during microinjections and subsequently transferred back into bicarbonate-containing complete media with 33 µM nocodazole. Cells were fixed 4 h after cDNA injection and processed for immunofluorescence analysis and imaging. Inhibitors of Arp2/3 (CK666, 100 µM), ROCK (Y27632, 10 µM), myosin light chain kinase (ML-7, 10 µM) and formins (SMIFH2, 50 µM) (Sigma), were added to cells immediately following cDNA injections.
Immunofluorescence staining and immunoblot analysis
Cells were fixed in −20°C methanol for 1-2 min or in 2% paraformaldehyde for 5 min at room temperature followed by permeabilization in either PBS-CM (PBS with 100 μM CaCl 2 , 1 mM MgCl 2 ) with 0.1% Triton X-100 for 2 min or in −20°C methanol (for immunolabeling of endogenous actin). KIF17 was detected with a rabbit polyclonal antibody at 1:100 dilution described and characterized previously (Jaulin and Kreitzer, 2010) . Endogenous actin was detected by indirect immunofluorescence with mouse anti-β-actin ascites fluid diluted 1:200 (clone AC-74, Sigma). Other antibodies: rat anti-E-cadherin (1:200; DECMA, Sigma), mouse anti-α-actinin (1:200; clone BM75.2, Sigma) mouse-anti-myc tag (1:200; 9B11, Sigma), mouse anti-FLAG M2 tag (1:100; F3165, Sigma), mouse anti-HA tag (1:100 dilution; MMS-101P, Covance), rabbit-anti-detyrosinated tubulin [1:400; SG, provided by Gregg Gundersen, Columbia University, USA (Gundersen et al., 1984) ]. Fluorescently conjugated secondary antibodies raised in donkey and cross-adsorbed against related species were from Jackson Immunoresearch. Antibodies for immunoblots are: rabbit anti-KIF17 (1:1000; K3638, Sigma), mouse anti-E-cadherin (1:500; 610181, BD Biosciences) and mouse anti-β-actin (1:5,000; clone AC-74, A5316, Sigma).
Expression constructs
KIF17 constructs used for this study were amplified by PCR from human A549 or Caco2 cells and cloned into Gateway expression vectors (Invitrogen) as recommended by the manufacturer and as described previously (Jaulin and Kreitzer, 2010; Acharya et al., 2013) . Myc-C3, GFP-RhoA WT, myc-RhoA V14 , and myc-RhoA N19 were generous gifts from Dr Alan Hall (Memorial Sloan Kettering Cancer Center, NY, USA).
HA-LIMK1
KD and FLAG-cofilin S3A (Salvarezza et al., 2009 ) were provided by Enrique Rodriguez-Boulan (Weill Cornell Medical College, NY, USA).
Protein expression
Exogenous proteins were expressed by intranuclear injection of cDNAs, either individually or together (10-50 µg/ml for each plasmid), in HKCl (10 mM HEPEs, 140 mM KCl, pH 7.4) using a Narishige micromanipulator with back-loaded capillary glass needles. Protein expressed from injected cDNAs could be detected after incubation at 37°C for 60-90 min. Cells were fixed at indicated times after injection and processed for direct fluorescence or indirect immunofluorescence microscopy.
Protein knock-down pGIPZ lentiviral shRNAs targeting KIF17 and pLKO.1 lentiviral control plasmid (Open Biosystems) were prepared and introduced by viral transduction as described previously (Jaulin and Kreitzer, 2010) .
Fixed cell imaging and analysis
Fixed cell images were acquired on either a Nikon E400 Eclipse or a Nikon TiE using a 40× (NA 1.0) plan-apochromat oil immersion objective and collected with digital charge-coupled device cameras (ORCA II-ER, 6.45 μm pixels, 1 MHz for 14-bit images, Hamamatsu Photonics; or Neo sCMOS, 6.45 µm pixels, 200 MHz for 16-bit images, Andor Technology). 14-16-bit images were scaled linearly to illustrate features of interest as indicated in the Results and converted to 8-bit copies for figure assembly. Devices were controlled by either MetaMorph (Molecular Devices, Inc.) or Elements (Nikon Instruments). Post-acquisition analysis and processing were performed using MetaMorph. Images of 3D cysts were acquired with a Zeiss LSM510 scanning confocal microscope (Rockefeller University Bioimaging Resource Center).
Time-lapse imaging
After microinjection, cells were transferred to recording medium (Hanks' balanced salt solution with 20 mM HEPES, 1% FBS, 4.5 g/l glucose, essential and non-essential amino acids) and incubated at 37°C in a thermalcontrolled chamber (Harvard Apparatus) on a TE-2000U (Nikon). Timelapse images were acquired using a 20× (NA 0.5) plan-fluor, phase contrast, dry objective and collected with a Neo sCMOS camera (6.45 µm pixels, 200 MHz for 16-bit images, Andor Technology). 14-16-bit images were scaled to illustrate features of interest and converted to 8-bit copies for figure assembly. Devices were controlled with Elements software (Nikon Instruments). Post-acquisition analysis and processing were performed with MetaMorph.
Quantitative image analysis
Image processing and analysis was performed using Python scripts using scikit-image (van der Walt et al., 2014) and OpenCV (Bradski, 2000) packages, as well as Fiji software (Schindelin et al., 2012) . All source codes developed are open source and freely available at https://github.com/ cespenel/image_processing.
Analysis of junctional actin foci
We developed an image segmentation method called, 'membrane_ accumulation'. Briefly, a polyline with a thickness of 4 pixels (∼700 nm) was drawn following the membrane at sites of cell-cell contact. These polylines were used as regions of interest (ROIs), averaging ∼2200 pixels 2 / cell, inside which the following processing was performed. Images were smoothed using a median blur filter of 5 and then images were convolved with a 3×3 Laplacian kernel with values from −1 to 8. Images were further smoothed using a median blur. For segmentation of actin foci, we use a marker-controlled watershed with two seed points (or markers), one given by an Otsu threshold and a second by 30% of the value given by the Otsu method. From these thresholded images, we measured the percentage of the ROI that was segmented.
Analysis of cytoplasmic E-cadherin puncta
Two methods were developed. The first, 'blobs per cell', was used for analysis of KIF17-depleted cells wherein the number of cells was calculated automatically based on the number of DAPI-stained nuclei. The second, 'blobs_per_cell_click', was used for analysis of cells expressing microinjected KIF17 constructs wherein we extracted the number of blobs ( puncta) in injected cells and uninjected cells. We then created a mask on the injected cells images, and applied this mask to the corresponding images of E-cadherin. We then determined the number of puncta in the masked (injected cells) and non-masked (uninjected cells) areas. All images were first convolved with a 3×3 Laplacian kernel with values from −1 to 8 and then a Gaussian filter with a sigma value of 3 was applied. Blobs/puncta were identified using the difference of Gaussians approach above a defined Otsu threshold.
Graphs and statistical analysis of junctional actin foci and E-cadherin puncta Boxplots were generated using the 2D python-plotting library Matplotlib (Hunter, 2007) and show minima, 25% quartile, median, 75th quartile, and maxima. Statistical tests were performed using a two-tailed Mann-Whitney U test (Python library SciPy, scipy.stats.mannwhitneyu). Statistical significance is defined as: ns, not significant (P>0.05); *P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001.
Statistics for binary analysis
Statistical significance was determined by two-tailed unpaired Student's t-test unless noted otherwise in the figure legends. Data are presented as mean±s.e.m. for quantitative values and error margins for percentages (95% level of confidence). Sample size (n) and P-values are specified in the text or figure legends. Data were collected from at least three independent experiments.
Rho-GTP binding assay
Rhotekin-RBD was purchased from Cytoskeleton (Denver, CO) and RhoA-GTP binding was performed as recommended by the manufacturer. Briefly, MDCK were transfected with indicated constructs. After 24 h, cells were washed in PBS and lysed in 25 mM HEPES pH 7.5, 150 mM NaCl, 1% NP-40 (Igepal CA-630), 10 mM MgCl 2 , 1 mM EDTA and 10% glycerol, 10 µg/ml leupeptin, 10 µg/ml pepstatin, and 10 µg/ml aprotinin. For assays in KIF17-depleted cells, cells were also treated with RhoA activator, cytotoxic necrotizing factor 1 (CNF1, 55 µg/ml) as a positive control. Lysates were clarified by centrifugation at 13,000 g at 4°C for 1 min. Clarified lysates (200 µg) were divided in two; one to detect total RhoA, and one for use in pull-downs. 100 µg of lysate was incubated with Rhotekin-RBD protein beads (50 µg) at 4°C for 90 min. The beads were collected by centrifugation, washed thoroughly and resuspended in 2× Laemmeli buffer. Input samples and collected beads were analyzed by western blot using a RhoA-specific antibody. Densitometry was performed using ImageJ (NIH). The amount of RBD-bound RhoA was normalized to total RhoA in cell lysates for comparison of Rho activity (level of GTP-bound Rho) across samples.
